Electron beam (e-beam) irradiation damage is often regarded as a severe limitation to atomic scale study of two-dimensional (2D) materials using electron microscopy techniques.
Here, we successfully fabricate suspended monolayer Mo membranes from monolayer MoSe2 films via selective e-beam ionization of Se atoms by scanning transmission electron microscopy (STEM). [4] The nucleation and subsequent growth of the Mo membranes are triggered by the formation and aggregation of Se vacancies as seen by atomic resolution sequential STEM imaging. Various novel structural defects and intriguing self-healing characteristics are unveiled during the growth. In addition, the monolayer Mo membrane is highly robust under the e-beam irradiation. Suspended monolayer metal membranes have never been prepared by conventional growth methods. It is likely that other metal membranes can be fabricated in a similar manner, and these pure metal-based 2D materials would remarkably diversify the category of 2D materials and may introduce profound novel physical properties.
In addition, we show that the migration of grain boundaries and healing of 2D planar defects in MoSe2 can also be triggered by an e-beam in a controllable manner.
[5] By performing in-situ annealing experiments in an atomic-resolution scanning transmission electron microscope, we find that stacking faults and rotational disorder in multi-layered 2D crystals can be healed by grain boundary (GB) sliding, which works like a 'wiper blade' to correct all metastable phases into thermodynamically stable phase along its trace. The driving force for GB sliding is the gain in interlayer binding energy as the more stable phase grows at the expanse of the metastable ones. Density functional theory (DFT) calculations show that the correction of 2D stacking faults is triggered by the ejection of Mo atoms in mirror twin boundaries, followed by the collective migration of the 1D GB. Our study highlights the role of the often-neglected interlayer interactions for defect repair in 2D materials and shows that exploiting these interactions has significant potential for obtaining large-scale defect free 2D films. The atomically focused e-beam in a STEM can not only resolve the intrinsic atomic structure of materials with defects, but also provide new opportunities to modify the structure with subnanometer precision. 
